Despite the great advances, potentials of augmented reality to fundamentally transform the way people use computers is partially hindered by the size and weight of the AR headsets. In waveguide-based devices, the light engine constitutes a significant portion of the total volume and weight. Dielectric metasurfaces have in recent years been used to demonstrate various high performance optical elements like blazed gratings and wide field of view lenses with small thicknesses, high efficiencies, and little stray light. Here, we report our work on the design of a compact light engine based on multi-metasurface optics with wide fields of view, integrated with three monochrome µ-LED displays for red, green, and blue. The metasurfaces image the µ-LEDs on the prism or grating couplers. This design avoids an important shortcoming of µ-LEDs and metasurface lenses, i.e., each work well for a single wavelength. As an example, we present a design for 532 nm, with over 3000 resolved angular points in an 8-mm-diameter field of view, and a total volume less than 0.65 cc (<2 cc for the three wavelengths). Limited by the total internal reflection region inside a waveguide with a 1.78 refractive index, the light engine can produce an image with over 1500×1500 points over a field of view slightly larger than 85
INTRODUCTION
Powered by the great advancements in electronics, computer science, and compact refractive and diffractive micro-optics, 1 headmounted AR displays have in recent years become a new category of consumer electronics. With many great proposals and demonstrations based on various technologies including visor and waveguide based systems, 2-5 many products from different companies are now hitting the market. Among various designs, waveguide-based designs seem more suitable for compact AR headsets with wide fields of view. In these devices, the light engine constitutes a significant portion of the volume and weight of the device, and can even limit its performance by not providing the whole field of view and resolution supported by the waveguide optics.
Here we present our work on the proposal and design of a compact light engine based on three monochrome µ-LED displays imaged using multi-metasurface optical systems corrected for wide fields of view. Since each µ-LED display has its own metasurface optics, this design significantly avoids the main challenge facing both µ-LEDs and metasurfaces, that is, they each work well when designed for a single color. This shortcoming has so far prevented the use of µ-LEDs in AR headsets because the pixel size is significantly increased when µ-LEDs of different colors are combined to provide full RGB coverage on the same chip. On the other hand, hindered by the size and weight of optical elements, it has not been practical to use three separate µ-LED displays as each of them would require its own imaging optics.
The proposed design overcomes this issue since the imaging optics for each color can be separate, while keeping the total volume and weight of the optics low (i.e., to lower than 2 cubic centimeters and less than 3 grams for the optics of the three colors combined). More specifically, we demonstrate a five layer metasurface design with a corrected field of view of 8 mm (close to 90
• inside a glass with a refractive index of 1.78) to provide near diffraction limited focusing with about 3000 resolved points. The optics has a collection NA of 0.25, and delivers the collimated beams with RMS wavefront errors lower than 0.25 across its field to an aperture with a diameter of 2.1 mm. Capped by the total internal reflection region of the waveguide (i.e., 35
• -80
• , for an index of 1.78) the optics can deliver over 1500×1500 points for each color, within a field of view just above 85
• ×85
• in air. We also present metasurface designs based on crystalline silicon nano-scatterers that can implement the proposed metasurfaces at all colors of interest (480 nm, 532 nm, and 635 nm). In the end, we discuss the main challenges faced by this technology including the chromatic dispersion and point potential methods of mitigation. While the concept of metasurfaces has previously been proposed for use in AR devices, 6, 7 it has generally been limited to their application as periodic grating couplers. Being the first proposal and demonstration of its kind, we believe that this work will pave the way and encourage the exploration of potentials of metasurface optical elements for integration into compact optical systems used in AR headsets. Figure 1 schematically shows the concept of the metasurface based light engine AR display. As shown in Fig.  1a , light from monochrome µ-LED displays is collimated and directed to the waveguide, using multi-metasurface optical systems. Based on whether the eye box expanders and the out-coupling gratings can be combined for different colors or not (e.g., using volumetric Bragg gratings), one, two, or three waveguides might be used in the actual design. Here, for the sake of simplicity, we assume that the waveguides can be combined and therefore shown only one waveguide. As shown in Fig. 1b , the light engines for the three colors combined can be as small as 3 cubic centimeters (with about 2 mm of thickness reserved for the µ-LED displays and their electrical circuitry). Figure 1c schematically shows a zoomed-in view of the light engine for the red color µ-LED display. The multiple metasurface system images each pixel of the µ-LED display into the grating coupler aperture with a corrected wavefront. To better visualize the compactness of the proposed platform, a schematic illustration of the whole metasurface-based light engine mounted on a typical pair of glasses is shown in Fig 1d. 
CONCEPT

METASURFACE DESIGN
In general, a metasurface consists of an array of nano-scatterers that control the phase, polarization, and amplitude of light as it passes through them. This is schematically shown in Fig. 2 , where the outgoing light has a phase and polarization that is locally controlled by the metasurface. While metasurfaces are more than a few decades old, 8 the advancements in theoretical and computational electromagnetics, 9-11 micro and nanofabrication techniques, and their widespread availability have in recent years resulted in a greatly increased interest in this field. 8, 12, 13 High contrast dielectric metasurfaces, are a specific case in which the nano-scatterers are made of high-index dielectrics (such as silicon, titanium dioxide, silicon nitride, etc.) and are surrounded by low index matrices. In general, the nano-scatterers can either be patterned and fabricated on a planar substrate [ Fig. 2a] , or transferred to a flexible substrate and conformed to a refractive object with a non-planar surface [ Fig. 2b ], forming a conformal optical metasurface. In addition to changing the optical function of the refractive element, the combined conformal metasurface-object optical system can perform optical functions that neither of its components can do alone.
A widely used category of high contrast dielectric metasurfaces is based on dielectric nano-scatterers (which we call nano-posts from here on) with a given set of cross sections (e.g., square, circular, rectangular, etc.) and different lateral dimensions, such as the one shown in Fig. 3a . In these structures, the nano-posts can be treated as multi-mode truncated waveguides with multiple resonances, the interplay of which determines the scattering properties of the nano-posts.
14 In order to better suppress higher order diffractions and unwanted scattering, the nano-posts are generally patterned on a uniform lattice, for instance a square lattice like Fig. 3b . In addition, the lattice should be subwavelength and satisfy the Nyquist sampling rate for the used material systems and transmission functions that are implemented. 15 With proper design, the nano-post array can have very high transmission efficiencies (80%-100%, depending on the material losses), while at the same time providing full 0-2π phase coverage with changing the nano-post dimensions.
16-18 Figure 3c shows the transmission phases and amplitudes for three arrays with different lattice constants and nano-post thicknesses designed for blue, green, and red (480 nm, 532 nm, and 635 nm, respectively). In order to use the same material system for all colors, all metasurfaces are designed using crystalline silicon (c-Si). This way, the metasurfaces for all three colors can be fabricated on the same substrates, increasing the mechanical robustness and decreasing the required packaging volume and wight significantly. The three graphs in Fig. 3c show the clear ability of the designed nano-post arrays to provide full phase coverage with high transmission. One important property of this type of metasurface is the very low coupling between adjacent nano-posts as the the high index contrast between the nano-posts and the surrounding media results in almost all of the optical energy being confined inside the nano-posts.
16, 17
As a result, sizes of the nano-posts can be changed without significantly altering the transmission phases and amplitudes of its neighbors. This enables high efficiency beam deflection to large angles, which in turn results in thin high-efficiency lenses with large numerical apertures.
17, 19
LIGHT ENGINE OPTICS DESIGN
While a single-layer metasurface lens has the ability to focus light to a point without spherical aberrations, 20, 21 multiple metasurface layers are required in order to correct for other monochromatic aberrations. 22, 23 Figure 4 summarizes the results of one such design, where 5 metasurface layers are cascaded to provide near-diffraction limited imaging of the green µ-LED to the input aperture of the waveguide (i.e., the prism edge). As seen in Fig. 4a , the first four metasurfaces have radii of 4.5 mm, and are each separated 1 mm from the previous surface with separating glasses that each have a refractive index of ∼1.5. The fifth glass layer is 4 mm thick and has an index of ∼1.78, to match that of the waveguide. The fifth metasurface has a diameter of 2.1 mm, resulting in an input aperture of 2.1 mm at the coupling prism. The total thickness of the device is 8 mm, and it could be fitted inside a 9mm × 9mm × 8mm cube, and thus it will occupy a volume of less than 0.65 cubic centimeters (i.e., <2 cubic centimeters for the three wavelengths). In addition, the total glass volume is about 3 × 0.4 = 1.2 cubic centimeters, so the total weight of the glass would be about 3 grams (assuming a density of 2.5 grams/cc).
As seen from the spot diagram simulations of Fig. 4b , the system has a near-diffraction limited focusing up to a field of view of 4 mm, corresponding to an angle of ∼44 degrees (0.77 Rad). Considering the ∼1.5 Rad field of view, the optics has more than 3000 resolvable points along the diagonal (corresponding to more than 2000×2000 points). The light at the object plane is telecentric and is collected up to a numerical aperture of 0.25 for most of the surface, except very close to 4 mm where the effective collection NA is slightly less. The optimized phase profiles for the five metasurfaces are plotted in Fig. 4c . It is worth noting that for two of the metasurfaces the maximum required OPD is about 5000 waves, which corresponds to a thickness of more than 3 mm (assuming a glass with an index of 1.78). Figure 4d schematically shows the light engine integrated with a waveguide that has a prism with a 57.5-degree edge, and therefore a thickness just below 1.8 mm. Assuming a waveguide index of 1.78 (similar to the one used here), angles from 35 to 80 degrees can be used for coupling as they are bounded by total internal reflection inside the waveguide. This means that an angular area of 45
• ×45
• can be directly coupled inside the waveguide. Given the smaller than 0.5 mRad angular resolution, this corresponds to a resolution of more than 1500×1500 points for each color. With the three wavelengths combined, this means a total of more than 7 megapixels. On the µ-LED display, this roughly corresponds to a field of view of 4mm × 4mm. Given that µ-LED displays with pixel sizes of about 3 µm have already been demonstrated, 24, 25 it seems reasonable to think that ones with pixel pitches of about 2.5 µm are feasible too. We should also note here that for such a smaller field of view, the metasurface optics can also have smaller diameter (about 7 mm) and smaller total volume (about 1.2 cc for the three wavelengths combined). In addition, the 45
• field of view inside the waveguide translates to a larger than 85
• field of view in air. Figures 4e and 4f show the first nonzero standard Zernike coefficients (Z 4 to Z 1 4) and the field curvature, respectively. As seen from both graphs, the dominant aberration is astigmatism. Nevertheless, the RMS wavefront error (calculated from rays in reference to the centroid) is smaller than 0.25 waves over the whole field of view, and is smaller than 0.1 waves for field values below 3 mm. Calculated from the Zernike coefficients, the wavefront error peaks at slightly above 0.4 waves close to 3.9 mm, and is smaller than 0.25 waves below 3 mm.
DISCUSSION
Like any other optical system, the design of the metasurface light engine optics involves various compromises. For instance, the collection NA and the angular resolution of the optics can be increased at the expense of field of view (with the same volume constraints). As a result, other designs that are closer to the perfect human eye resolution of 0.3 mRad are possible with a field of view smaller than 8 mm diagonal. In addition, the number of metasurface layers is inversely proportional to the system efficiency, while it is possible to increase the collection NA with more layers. Therefore, a compromise should be made that maximizes the total system efficiency in this regard as well.
The main drawback of using metasurface optics is their large chromatic dispersion, which unlike refractive optics does not mainly originate from material dispersion and as such, unlike the case of refractive elements, 26 it cannot be solved using combination of different materials. While it is possible (and in fact relatively straight forward) to design metasurfaces that have high diffraction efficiencies over bandwidths of more than 10%, 27, 28 similar to other diffractive devices, 29 metasurfaces, have a large negative dispersion resulting from a phase profile that is almost constant with wavelength. 30 As a result, the regular chromatic dispersion of the metasurfaces can significantly decrease the achievable resolution and degrade the device performance. For instance, while the exact amount of degradation depends on the actual LED linewidth, for a typical value of 30-40 nm the resolution might drop by more than a factor of three. Despite the modest success of the independent group delay-phase delay control method in addressing the chromatic dispersion issue in metasurfaces, [31] [32] [33] its applicability is severely limited to devices with miniature sizes (i.e., a couple of hundred microns in diameter) because of the requirement for extremely high quality factor resonances in millimeter scale devices. As a result, the two main approaches for addressing the chromatic dispersion issue are using metasurface diffractive/refractive combinations, 1, 34, 35 and decreasing the emission bandwidth of µ-LEDs. With these methods, it might be possible to decrease the effect of chromatic dispersion to levels that are acceptable for human eye.
The unique properties of metasurfaces enable a few platforms for tunable, conformal, and folded optical elements and systems that are more difficult to achieve with other technologies. For instance, various types of tunable metasurface devices, either based on stretchable substrates 15, 36 or micro-electro-mechanically tunable doublets 37 have been recently demonstrated that can potentially be integrated into the light engine optics to enable time-multiplexed multi-focus image rendering. Obviously, other types of flat tunable lenses, such as liquid crystal ones 38 can also be used for this purpose. Conformal metasurfaces 39, 40 provide additional design degrees of freedom by allowing for the metasurface to be non-planar. In addition to higher diffraction efficiencies and lower stray light, one of their main advantages over their conventional Fresnel counterparts is that the metasurface phase profile does not need to have the same symmetries of the underlying surface since the phase profile is defined lithographically in a different step. Finally, the folded metasurface optical platform can be used to reduce the total volume of the optics by using the metasurface substrate multiple times as propagation space.
27
While requiring more complicated design strategies (and potentially having a poorer optical quality), the folded metasurface platform can result in more compact devices with less complicated fabrication steps as most of the alignment steps can be eliminated.
Finally, while the use of low-throughput high-end patterning techniques like electron beam lithography is possible for proof of concept demonstrations and design rounds, it is essential to use low-cost high-throughput techniques such as nano-imprint lithography 41, 42 for mass production. Using such techniques and material systems like silicon for which high-quality etching processes are available can potentially reduce the fabrication cost of the optics.
CONCLUSION
In this manuscript we have proposed and demonstrated a design for a compact light engine composed of three monochrome µ-LED displays imaged using multi-metasurface optical systems corrected over a wide field of view. This design avoids the main challenge faced by both small µ-LED displays and metasurfaces, i.e., their operation is limited to one color range. As a proof of principle, we designed a five-layer metasurface optical system with a corrected field of view of 8 mm diagonal (close to 90
• angular inside a glass with a refractive index of 1.78), with a close to diffraction limited operation over the whole field of view. With a total size smaller than 2 cubic centimeters, the metasurface optics has the ability to generate 2000×2000 diffraction limited points within its field of view. The same optics can be coupled to a waveguide delivery system and provide a wide field of view of >85
• in air. While several fundamental and technical challenges such as the chromatic dispersion, alignment of different colors, and fabrication tolerances need to be investigated, we believe that this work demonstrates a clear potential for metasurfaces to address some of the challenges faced in the design of compact light engines for headmounted AR displays.
